The roles of active oxygen, lipid peroxidation, and the antioxidative defence mechanism in gastric mucosal injury induced by treatment with indomethacin in rats were investigated. The The present study was undertaken in rats to measure changes in lipid peroxides and antioxidants in serum samples and gastric mucosa after administration of indomethacin. Also, we investigated the effects of a superoxide radical scavenger (superoxide dismutase (SOD)), a hydrogen peroxide scavenger (catalase), and a hydroxyl radical scavenger (dimethylsulphoxide (DMSO)) on gastric mucosal injury and lipid peroxide formation induced by giving indomethacin to rats, and the effects ofa combination of SOD and catalase on indomethacin induced changes in antioxidants.
and the antioxidative defence mechanism in gastric mucosal injury induced by treatment with indomethacin in rats were investigated. The total area of gastric erosions and concentration of lipid peroxides in the gastric mucosa increased with time after administration of indomethacin (20 mg/kg, orally). The atocopherol:total cholesterol ratio in serum was significantly decreased and the activity of glutathione peroxidase, an important enzyme to scavenger of lipid peroxides, was inhibited by the administration of indomethacin. Treatments with superoxide dismutase and catalase inhibited the increases in gastric mucosal erosions and lipid peroxides in the gastric mucosa, and the reduction of serum a-tocopherol. Treatment with these scavengers did not improve the decreased glutathione peroxidase activity. These findings suggest that active oxygen species and lipid peroxidation play an important part in the pathogenesis ofgastric mucosal injury induced by indomethacin, and that the decreased glutathione peroxidase activity aggravated the injury due to accelerated accumulation of hydrogen peroxide and lipid peroxides in the gastric mucosal cell. (Gut 1993; 34: 732-737) role of reactive oxygen species in mediating the microvascular disturbance that preceded gastric mucosal injury induced by several kinds of stress and ischaemia-reperfusion." 12 Furthermore, lipid peroxidation mediated by oxygen free radicals is believed to be an important cause of destruction and damage to cell membranes, because polyunsaturated fatty acids of the cellular membranes are degraded by the lipid peroxidation with consequent disruption of membrane integrity.'3 Membrane peroxidation can lead to changes in membrane fluidity and permeability, enhanced rates of protein degradation, and ultimately, cell lysis. We have already reported that lipid peroxidation plays a significant part in the pathogenesis of gastric mucosal lesions induced by water immersion restraint stress, burn shock, and ischemia-reperfusion.I'l6 The present study was undertaken in rats to measure changes in lipid peroxides and antioxidants in serum samples and gastric mucosa after administration of indomethacin. Also, we investigated the effects of a superoxide radical scavenger (superoxide dismutase (SOD)), a hydrogen peroxide scavenger (catalase), and a hydroxyl radical scavenger (dimethylsulphoxide (DMSO)) on gastric mucosal injury and lipid peroxide formation induced by giving indomethacin to rats, and the effects ofa combination of SOD and catalase on indomethacin induced changes in antioxidants.
Indomethacin, a non-steroidal anti-inflammatory drug (NSAID), is known to induce erosions and ulcers in the gastrointestinal tract.' 2 Although it has been proposed that a deficiency of endogenous prostaglandins due to inhibition ofcyclooxygenase by indomethacin is involved in these effects, the exact pathogenic mechanism remains to be elucidated.-' Recent studies showed that a low dose of indomethacin or aspirin inhibited cyclooxygenase activity in the gastric mucosa of rats by 90% without causing any haemorrhagic erosions.6 Takeuchi et al7 postulated that the enhanced gastric motility induced by indomethacin causes microcirculatory disturbances that lead to increased microvascular permeability and cellular damage.
Rainsford'0 also noted, with transmission electron microscopy, that microvascular injury was present during gastric mucosal injury produced by indomethacin. These reports suggested that inhibition of prostaglandin synthesis was unlikely to be the sole mechanism responsible for the gastric damage induced by indomethacin.
Much recent attention has been focused on the groups were considered significant if the p value was less than 0-05.
Results

CHANGES IN MUCOSAL INJURY, LIPID PEROXIDES, AND ANTIOXIDANTS AFTER ADMINISTRATION OF INDOMETHACIN
Gastric haemorrhagic erosions increased with time after administration of indomethacin. The total area of erosions at three hours and six hours after the administration was 12-6 (3 5) mm2 and 23-2 (3-2) mm2 respectively (Fig 1) . The lesions were linear or dotted in shape, and were often located on the upper part of the mucosal folds. TBA-reactive substances in the gastric mucosa, an index of lipid peroxidation, increased significantly (p<0-01) from a basal concentration of mean (SEM) 0-521 (0-014) nmol/mg protein to 0-626 (0-019) nmol/mg protein and 0 663 (0 036) nmol/mg protein three hours and six hours after administration of indomethacin respectively. Indomethacin did not affect the level ofTBA-reactive substances in serum, however (Fig 2) . a-Tocopherol in serum samples, but not in the gastric mucosa, decreased significantly (p<0-05) with time after indomethacin administration. The a-tocopherol: cholesterol ratio in serum decreased to 4 99 (0_19)xlO-3 and 4-96 (0 26)x10-3 at three hours and six hours after indomethacin administration respectively, from 5 88 (0 24) x 10 -3 measured before the experiment (Fig 3) . The activities of SOD and glutathione peroxidase in the gastric mucosa of rats treated with 0-5% control carboxymethylcellulose solution were 14-5 (0-48) U/mg protein and 288-0 (30 2) mU/mg protein respectively. Intragastric administration of indomethacin did not affect the activities of SOD in the gastric mucosa at three or six hours after indomethacin. The activity of glutathione peroxidase at six hours after the administration was significantly reduced (p<0 05) to195 6 (15 6) mU/mg protein (Fig 4) TBA-reactive substances in the gastric mucosa at six hours after indomethacin administration was significantly inhibited by combination treatment with SOD and catalase, but not by treatment with SOD or catalase alone. The total areas of gastric erosion six hours after indomethacin administration were 22-8 (3 5) mm2 in the control rats receiving intraperitoneal saline and 12-1 (2 4) mm2 in the DMSO group. There was a significant difference (p<005) in the lesion area between the two groups. The increase in TBA-reactive substances was also significantly inhibited (p<005) by intraperitoneal treatment with DMSO.
EFFECTS OF SOD PLUS CATALASE ON INDOMETHACIN INDUCED CHANGES IN ANTIOXIDANTS
The decrease in the a-tocopherol:total cholesterol ratio in the serum of the control (indomethacin only) rats recovered to that of the normal (untreated) rats after treatment with SOD and catalase (Fig 5) . There was no significant difference in the concentration of a-tocopherol in the gastric mucosa among the normal, the control, and the SOD plus catalase groups. Figure 6 shows that indomethacin significantly (p<005) reduced the activity of glutathione peroxidase in the gastric mucosa in groups treated and not treated with SOD and catalase. There were no significant differences in the activity of SOD among these three groups. Even (Fig 7) . There were significant differences between the normal group and the control group (p<0-001), and between the control group and the SOD plus catalase group (p<005).
Discussion
Our present studies implicate active oxygen and lipid peroxidation in the pathogenesis of gastric mucosal injury induced by indomethacin. Itoh and Guth" first showed that SOD could significantly protect against gastric mucosal injury induced by haemorrhageic shock for 20 minutes and retransfusion in rats. We also produced an ischaemia-reperfusion injury model with rat stomach, and found a suppression of both gastric mucosal lesions and increased lipid peroxidation by SOD and catalase."' Also, Perry et al'2 have
shown that a hydroxyl radical scavenger, DMSO, significantly reduced both "Cr-red cell loss and the less sensitive index of gastric Vitamin E, a lipid soluable antioxidant, interacts with oxygen and lipid radicals and prevents the propagation of free radical lipid peroxidation. Our previous work showed that the concentrations of a-tocopherol decreased both in serum samples and in gastric mucosa during ischaemiareperfusion injury in rats,32 which suggests that a-tocopherol was consumed in the process of lipid peroxidation mediated by oxygen radicals in ischemia-reperfusion to prevent the development of tissue damage. When the radicals are formed initially in the aqueous phase of whole blood, the water soluble antioxidants in the plasma such as vitamin C and plasma vitamin E participate in the primary defence and later vitamin E in the erythrocyte membrane decreases.33 In the present study, a-tocopherol in the serum but not that in the gastric mucosa significantly decreased with time after indomethacin administration, and also the decrease of a-tocopherol in the serum was returned to the normal range by concomitant treatment with SOD and catalase. Our previous study showed that subcutaneously injected SOD was predominantly localised in extracellular compartments,'7 and our present study showed that the SOD activity in intracellular compartments of the rat stomach did not increase after the subcutaneous injection of human SOD. Thus we speculated that a free radical reaction occurred first in the extracellular space after indomethacin administration, and SOD and catalase after the concentration of ct-tocopherol by their actions as scavengers of superoxides and inhibitors of the production of hydroxyl radicals.
Glutathione is an important constituent of intracellular protective mechanisms against a number of noxious stimuli including oxidative stress. Reduced glutathione is known as a major low molecular weight scavenger of free radicals in cytoplasm. On the other hand, the antioxidant activity of GSH peroxidase is coupled with the oxidation of GSH to GSSG, which can subsequently be reduced by GSH reductase with NADPH as the reducing agent. Concentration of glutathione is exceedingly high in the glandular stomach compared with concentrations in other portions of the gastrointestinal tract or in most other organs. 34 Boyd et al35 reported that depletion of gastric glutathione by diethyl maleate produced gastric ulceration. Mutoh et a136 showed that intracellular glutathione was mainly responsible for protecting against gastric cell injury induced by ethanol. These findings suggest that in the gastric mucosa free radicals or lipid peroxides are injurious offensive factors and GSH is a protecting defensive factor. Depletion of glutathione results in enhanced lipid peroxidation37 and excessive lipid peroxidation can cause increased GSH consumption.38 The decrease in GSH in our study was accompanied by an increase in lipid peroxides measured as a TBA-reactive substance in the gastric mucosa. The content of GSSG, however, showed no significant increases in response to the depletion of GSH and the activity of GSH peroxidase was significantly inhibited by indomethacin administration, which indicates that GSH was consumed during the reaction with oxygen radicals, organic radicals, and peroxide radicals.
Glutathione peroxidase is important in the elimination of hydrogen peroxide and lipid hydroperoxides in the gastric mucosal cell. Thus inhibition of this enzyme may result in the accumulation of hydrogen peroxide with subsequent oxidation of lipids. The GSH peroxidase actvity ofthis study was decreased six hours after indomethacin administration and its activity could not be recovered by the elimination of oxygen radicals. These findings suggest that indomethacin itself, or depletion of prostaglandins, inhibits GSH peroxidase activity of the gastric mucosa. Our findings are in line with those of Banerjee,39 who recently showed the inhibition of peroxidase activity in the mitochondrial fraction of rat gastric mucosa by indomethacin.
In summary, the results indicate that excessive generation of oxygen radicals in the extracellular space and the depletion of GSH in conjunction with inhibition of GSH peroxidase activity is responsible for the oxidative tissue damage of gastric mucosa after administration of indomethacin. 
